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Aire-Dependent Thymic Expression of Desmoglein 3,
the Autoantigen in Pemphigus Vulgaris, and Its Role
in T-Cell Tolerance
Naoko Wada1, Koji Nishifuji1, Taketo Yamada2, Jun Kudoh3,4, Nobuyoshi Shimizu4, Mitsuru Matsumoto5,
Leena Peltonen6,7, Seiho Nagafuchi8 and Masayuki Amagai1
In the mechanism of thymus-induced central tolerance, the transcription factor Aire has been demonstrated to
promote the expression of a wide range of peripheral organ-specific antigens (Ags) in the medullary thymic
epithelial cells (mTECs), which serve as self-Ags in negative selection. We examined the expression of
desmoglein 3 (Dsg3), the autoantigen in pemphigus vulgaris (PV), in mouse thymus and the involvement of Aire
in tolerance to Dsg3. Immunofluorescence and in situ hybridization revealed Dsg3 in single cells or in clusters
in B3% of mTECs near the cortico–medullary junction of the thymus in C57BL/6 mice. Dsg3-expressing mTECs
also expressed some Ags of skin-unrelated peripheral organs simultaneously. In contrast, Dsg3-positive mTECs
were not detected in the Aire/ thymus. Adoptive transfer of splenocytes from Aire/ mice immunized with
Dsg3 did not induce anti-Dsg3 IgG production or PV phenotype in Rag2/ recipient mice. However, Aire/
CD4þ T cells, but not Aireþ /þ CD4þ T cells, induced low levels of anti-Dsg3 IgG production when transferred
with Dsg3/ B cells. These findings indicate that Aire has an important role in Dsg3 expression as well as in
selection of T cells that help B cells to produce anti-Dsg3 IgG in thymus.
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INTRODUCTION
The immune system distinguishes self from non-self so as to
destroy pathogens but not harm an organism’s own healthy
cells and tissue. Immunological tolerance to self-molecules,
which is generally characterized as either central tolerance
or peripheral tolerance, is maintained by a complicated
lymphocyte system. Central tolerance affects immature
lymphocytes as they differentiate in the primary lymphoid
organs, for example, the thymus for T cells and bone marrow
for B cells. Self-reactive immature T cells in the thymus are
deleted or maturated when exposed to self-antigens (self-
Ags). In contrast, peripheral tolerance affects mature
lymphocytes; several mechanisms such as ignorance, dele-
tion, anergy (Greenwald et al., 2001), and immunoregulation
(Sakaguchi et al., 1995) prevent autoimmune reactions in the
periphery.
Peripheral tolerance was once considered to be essential
because highly differentiated organ-specific Ags were
believed to be expressed only in peripheral organs. However,
recent studies have shown the expression of a wide range of
peripheral Ags in the thymus, particularly in the medullary
thymic epithelial cells (mTECs; Hanahan, 1998; Derbinski
et al., 2001; Gotter et al., 2004).
Investigations of autoimmune polyendocrinopathy–
candidiasis–ectodermal dystrophy (APECED), a rare, reces-
sively inherited human disease, have yielded important
findings about the thymic expression of peripheral Ags.
APECED usually develops before the age of 10 years and is
typically accompanied by chronic mucocutaneous candidia-
sis, hypoparathyroidism, and adrenal insufficiency. Most
patients exhibit multiple autoimmune manifestations such
as thyroiditis, type 1 diabetes, and hepatitis (Ahonen et al.,
1990). On the basis of linkage analysis of Finnish families, the
APECED locus was mapped to chromosome 21q22.3
(Aaltonen et al., 1994). The responsible gene was identified
by positional cloning, and sequence analysis revealed
that the gene encoded a novel, 58-kDa protein, Aire
(autoimmune regulator), which contains several structure
motifs suggestive of a transcriptional factor (Aaltonen et al.,
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1997; Nagamine et al., 1997). Mutations in APECED patients,
including the common Finnish mutation, were identified,
suggesting that mutations in AIRE are responsible for APECED
pathogenesis (Aaltonen et al., 1997; Nagamine et al., 1997).
Aire-deficient mice display characteristics similar to those
of APECED patients, including inflammatory infiltrates in
multiple organs and autoantibodies (Anderson et al., 2002;
Ramsey et al., 2002; Kuroda et al., 2005; Hubert et al., 2009).
It is suggested that Aire promotes the expression of diverse
peripheral Ags in mTECs (Anderson et al., 2002), which
serves as an important source of self-Ags for negative
selection of autoreactive T cells (Liston et al., 2003; Anderson
et al., 2005). These findings provided new insights into organ-
specific autoimmune disease and the importance of central
tolerance in the prevention of autoimmunity against
peripheral Ags.
Pemphigus vulgaris (PV) is a skin-blistering autoimmune
disease whose target self-Ag is desmoglein 3 (Dsg3), a
desmosomal transmembrane glycoprotein expressed in
stratified epithelia. Anti-Dsg3 autoantibodies bind to kerati-
nocyte (KC) cell surfaces and induce cell detachment in
patients with PV, resulting in blister formation (Amagai et al.,
1991). We previously demonstrated that repetitive immuni-
zation of wild-type mice with baculovirus-derived recombi-
nant mouse Dsg3 did not produce anti-Dsg3 antibody (Ab). In
contrast, we found that Dsg3/ mice produced anti-Dsg3
Abs after repetitive immunization with Dsg3, indicating
that tolerance to Dsg3 is not established in Dsg3/ mice.
We used this information to develop a PV mouse model
using adoptive transfer of splenocytes from Dsg3/ mice
into Rag2/ mice (Amagai et al., 2000). It is reasonable to
speculate that Dsg3-reactive T cells emerge in Dsg3/ mice,
because they are not eliminated in the thymus without
being exposed to Dsg3 in the thymus, and that wild-type
mice are tolerant to Dsg3, because autoreactive T cells are
eliminated in the thymus, which involves Dsg3 as a self-Ag.
However, the expression of Dsg3 in the wild-type thymus
has not been sufficiently investigated. To date, Dsg3 in
the thymus has been detected at the RNA level in bovine
thymus tissue (Schafer et al., 1994). The aims of this study
were to examine the expression and localization of Dsg3 in
the wild-type mouse thymus at the protein level and to
determine whether Dsg3 expression is dependent on Aire
and whether it is involved in the development of tolerance
against Dsg3.
RESULTS
Dsg3 was expressed in a small subset of mTECs scattered near
the cortico–medullary junction in wild-type mice
We examined the hematoxylin and eosin–stained sections of
the intact thymus in 4-week-old C57BL/6 mice (Figure 1). The
thymus lobules are separated into a darkly stained cortex
containing a higher density of cells and a lightly stained
medulla. The cortex and medulla are predominantly com-
posed of thymocytes (immature T cells) and thymic epithelial
cells. Prothymocytes enter the thymus from the bloodstream
near the cortico–medullary junction and migrate to the
outer cortex, where T-cell receptor rearrangement occurs.
The thymocytes then move through the cortex toward
the medulla, where they are subjected to positive and
negative selection through interaction with thymic epithelial
cells, and then they move into peripheral circulation
(Starr et al., 2003).
Using immunohistochemistry, we determined the Dsg3
expression pattern and the distribution of Dsg3-expressing
cells in the thymus of 4-week-old C57BL/6 mice. The
optimal staining protocol was determined by testing various
protocols using paraffin-embedded and frozen sections with
or without fixatives and several different Abs, including the
sera of patients with PV, rabbit polyclonal anti-mouse Dsg3
Abs, and mouse monoclonal anti-mouse Dsg3 Abs. We
stained the Dsg3/mouse thymus simultaneously to exclude
nonspecific reactivity and to ensure that the signals were
found only in the wild-type mice. The study was conducted
using AK18, a mouse monoclonal anti-mouse Dsg3 IgG Ab
(Tsunoda et al., 2003), in unfixed cryosections. The AK18
was directly conjugated with fluorescence to reduce the high
background color resulting from staining mouse tissue with
mouse IgG Ab.
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Figure 1. Normal structure of the mouse thymus. Hematoxylin and
eosin–stained sections of the C57BL/6 mouse thymus and a schematic
representation are shown. The thymus consists of a cortex and medulla whose
primary components are thymocytes or immature T cells; small round cells
with little cytoplasm and a chromatin-rich nucleus (arrow) and thymic
epithelial cells (TECs), large polygonal cells with a pale nucleus (arrowhead).
A subset of medullary TECs (mTECs) express Aire, and, presumably,
a subset of Aire-positive mTECs express desmoglein 3 (Dsg3). cTEC, cortical
thymic epithelial cell. Bars¼50 mm.
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AK18-stained Dsg3 appeared as a desmosomal compo-
nent in the intercellular spaces of the mucosa (Figure 2a,
upper panel). Several AK18-stained cells were scattered in
the medulla near the cortico–medullary junction in the
thymus of wild-type mouse (Figure 2a, middle panel),
whereas no signal was observed in the mucosa or thymus
of the Dsg3/ mice. The staining predominantly showed
either a single cell or a few cells together as islands. The
cytoplasmic region of the Dsg3-positive cells was larger than
that of the lymphocytes, and the morphology indicated
that they were epithelial cells. The Dsg3-positive cells
were costained with anti-keratin 5 (K5) Ab in double-stained
sections (Figure 2b), indicating that a small subset of mTECs
expressed Dsg3, because mTECs are K5 positive (Klug et al.,
2002). A calculation of the area of Dsg3-positive and K5-
positive mTECs per section revealed thatB3% of the mTECs
were Dsg3 positive (n¼10 sections; Figure 2c).
We further analyzed Dsg3 mRNA expression using
in situ hybridization with an RNA probe. Dsg3 mRNA
was expressed in several cells in the medulla near the
cortico–medullary junction (Figure 2a, bottom panel), and the
distribution was similar to that observed under immuno-
fluorescence. Dsg3 mRNA was not detected in the thymus of
the Dsg3/ mice.
Dsg3-expressing mTECs coexpressed other peripheral Ags of
skin-unrelated organs
Dsg3 acts as a desmosomal protein in the skin and mucous
membranes connecting two adjacent cells, and it is located in
the intercellular spaces between epithelial cells. However,
Dsg3 in mTECs was mostly detected as cytoplasmic staining
of single cells or clustered cells, not necessarily at cell–cell
junction of two adjacent mTECs (Figure 2a). The ‘‘promiscu-
ous gene expression’’ of peripheral Ags in mTECs and its
involvement in tolerance has been reported. A wide range
of peripheral Ags such as insulin, myelin oligodendrocyte
glycoprotein, gp100, and intestinal fatty acid-binding protein,
which should be related to terminal differentiation in
particular organs, are expressed ‘‘promiscuously’’ in the
subset of mTECs (Derbinski et al., 2001), and many of their
expression is Aire dependent (Anderson et al., 2002).
Therefore, we next determined whether Dsg3-expressing
mTECs coexpress peripheral Ags of other tissues (Figure 3).
Immunofluorescence double staining revealed that Dsg3-
expressing mTECs coexpressed other desmosomal proteins,
such as Dsg1 and desmoplakin. In addition, Ags of other skin-
unrelated peripheral organs, such as renin and prostate-
specific Ag, were indeed coexpressed in the Dsg3-expressing
mTECs.
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Figure 2. Distribution of desmoglein 3 (Dsg3)-expressing medullary TECs (mTECs) in the C57BL/6 mouse. (a) Cryosections of the thymus and mucosa
of the hard palate of C57BL/6 mice were stained with a mouse monoclonal anti-mouse Dsg3 Ab, AK18 (upper two rows). Dsg3-positive cells were detected in
thymus as a single cell or a few clustered cells near the cortico–medullary junction (broken lines). In situ hybridization (ISH) showed the signal for the Dsg3 RNA
probe in a small number of cells scattered near the cortico–medullary junction (bottom row). (b) The C57BL/6 mouse thymus was double stained with
AK18 (green) and anti-mouse keratin-5 (K5) Ab (red). (c) The Dsg3-positive and K5-positive areas per thymus section are indicated by dots (n¼10 sections).
Approximately 3% of the mTECs were Dsg3 positive. Bars¼ 50mm.
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Dsg3-expressing mTECs were not detected in Aire/ mice
The relationship between Aire and thymic Dsg3 has not been
previously investigated to our knowledge. To determine
whether thymic Dsg3 expression is Aire dependent, we
compared AK18 staining for Dsg3 in Aireþ /þ and Aire/
mice. No difference in Dsg3 was detected in the intercellular
spaces of the mucous membrane between the Aireþ /þ and
Aire/ mice (Figure 4a, upper panel). In contrast, the thymus
of the Aireþ /þ mouse contained several Dsg3-positive cells,
whereas no Dsg3-positive cells were observed in the Aire/
mouse (Figure 4a, lower panel). The number of Dsg3-positive
cells per section was counted in the Aireþ /þ , Aireþ /–, and
Aire/ mice. No Dsg3-expressing mTECs were detected
in the Aire/ mice, and the Aireþ /– mice had fewer Dsg3-
expressing mTECs than did the Aireþ /þ mice (Po0.025),
with no apparent reduction in staining intensity (Figure 4b;
n¼4 mice per type).
Anti-Dsg3 Ab production was not induced in Aire/ mice
Aire/ mice show decreased thymic expression of various
peripheral Ags, and exhibit production of lymphocytic
infiltrates and autoantibodies against multiple targeted
organs such as salivary gland, retina, stomach, and ovary
(Anderson et al., 2002). However, Aire/ mice have not
been reported to develop the phenotype of PV. We
determined whether Aire/ mice were capable of producing
anti-Dsg3 Abs on immunization. Even after repeated immuni-
zation with recombinant Dsg3, the Aire/mice produced no
detectable circulating anti-Dsg3 IgG, whereas the immunized
Dsg3/ mice produced anti-Dsg3 IgG, which stained cell
surfaces of cultured KCs (Figure 5a and b).
We previously reported that the adoptive transfer
of splenocytes from Dsg3/ mice immunized with Dsg3
into Rag2/ mice produced persistent anti-Dsg3 IgG in
the recipient mice and caused the typical PV phenotype:
skin and mucosal erosions, acantholysis caused by anti-
Dsg3 IgG deposition, weight loss, and death (Amagai et al.,
2000). Transferred lymphocytes expand in Rag2/ mice;
thus, we expected that the minor fraction of Dsg3-reactive
lymphocytes in the Dsg3-immunized Aire/ mice would
cause the same symptoms. However, the Rag2/ mice
that received the immunized Aire/ splenocytes did not
develop the PV phenotype (Figure 5c) in contrast to the
mice receiving immunized Dsg3/ splenocytes (Figure 5d),
and did not lose weight (Figure 5e) or produce anti-Dsg3 IgG
(Figure 5f).
Dsg3 Dsg3 / Dsg1
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Figure 3. Immunofluorescence double staining of desmoglein 3 (Dsg3) and other peripheral Ags in the thymus. The C57BL/6 mouse thymus was double
stained with AK18 to Dsg3 (green) and Abs against desmoglein 1 (Dsg1), desmoplakin (Dp), prostate-specific Ag (PSA), and renin (red). The right panels show
the merged images. Both signals were localized in the same cells. Bar¼ 10 mm.
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The adoptive transfer of Aire/ CD4þ T cells together
with Dsg3/ B cells induced anti-Dsg3 Abs production in
Rag2/ mice
We previously performed adoptive transfer of various combi-
nations of T and B cells from Dsg3/ and Dsg3þ /þ mice
into Rag2/mice (Tsunoda et al., 2002). The combination of
Dsg3/ T cells and Dsg3/ B cells induced the phenotype
of PV, but when either of T or B cells was from Dsg3þ /þ
mice, the phenotype of PV was not induced. This result
suggested that PV pathogenesis required the breakdown
of tolerance at both the T and B cell levels. Given this
information, we performed adoptive transfer of CD4þ T cells
from the Dsg3-immunized Aire/ mice or Aireþ /þ mice,
together with B cells from the Dsg3-immunized Dsg3/
mice.
The production of anti-Dsg3 IgG Abs was detected in five
out of six mice (83%) transferred with Aire/ CD4þ T and
Dsg3/ B cells, compared with only one out of five mice
(20%) transferred with Aireþ /þ CD4þ T and Dsg3/ B cells
(Figure 5g, ELISA score at day 21). The mice receiving Aire/
CD4þ T and Dsg3/ B cells did not develop any apparent
PV phenotype and their titers were not as high as those
of mice receiving Dsg3/ CD4þ T and Dsg3/ B cells.
These findings suggest that Aire deficiency causes the
emergence of Dsg3-reactive effector T cells in periphery,
which can induce anti-Dsg3 IgG production on the required
condition of B cells.
DISCUSSION
In this study, we demonstrated the expression and localiza-
tion of Dsg3 in the wild-type mouse thymus at the
protein level. To our knowledge this is previously unreported.
Dsg3 was expressed in a small subset of mTECs scattered
near the cortico–medullary junction. Thymic epithelial
cells have desmosomes that enable the construction of
their mesh-like structure (van de Wijngaert et al., 1984).
However, the distribution of Dsg3-positive mTECs, pre-
dominantly in the cytoplasm in single cells or clustered
cells, suggested that Dsg3 in thymus may have another
role other than as a desmosomal protein in cell-to-cell
adhesion.
The finding that Dsg3-positive mTECs were not detected in
Aire/ mice suggests that thymic Dsg3 expression is Aire
dependent. Aire is expressed primarily in mTECs and at much
lower levels in the lymph nodes and spleen (Klamp et al.,
2006; Gardner et al., 2008). Aire contributes to the
‘‘promiscuous’’ gene expression of hundreds of peripheral
Ags in mTECs, which is suggested to have an important role
in eliminating autoreactive T cells (Liston et al., 2003;
Anderson et al., 2005). mTECs exhibit phenotypic and
functional heterogeneity, and Aire is expressed in rare,
highly maturated populations such as MHC-IIhi and CD80hi
(Kyewski and Klein, 2006). Although the mechanism of
promiscuous gene expression remains unrevealed, it has
been suggested that individual mTECs express only a subset
of the Aire-dependent peripheral Ag repertoire (Gillard
and Farr, 2006; Villasenor et al., 2008). In a study using Ab
probes, it was suggested that individual Ags were expressed
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Figure 4. Desmoglein 3 (Dsg3) expression in Aireþ /þ , Aireþ /–, and
Aire/ mice. (a) Lower panel: Aireþ /þ and Aire/ thymuses were
stained using AK18. Several Dsg3-positive medullary TECs (mTECs)
were observed in Aireþ /þ thymus (arrows), but not in Aire/ thymus.
Upper panel: No difference was observed between groups in the hard
palate mucosa intercellular space. Bars¼ 50 mm. (b) The thymuses of
each group (n¼4 per group) were sliced parallel to the chest wall, and
sections of equal size were selected to determine the number of Dsg3-positive
mTECs per section. Fewer Dsg3-expressing mTECs were found in Aire/
mice than in Aireþ /þ mice (Po0.001) or Aireþ /– mice (Po0.001). In
addition, Aireþ /– mice had fewer Dsg3-expressing mTECs than did
Aireþ /þ mice (Po 0.025).
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by a small subset of mTECs (0.5–5%; Derbinski et al., 2001),
and our finding that Dsg3 was detected in B3% of mTECs is
consistent with it.
In addition to its role in destroying autoreactive T cells,
the thymus induces the production of regulatory T cells
(Tregs). The numbers of CD4þCD25þ T cells are same in
Aire-positive and Aire-negative mice (Anderson et al., 2002;
Kuroda et al., 2005), but controversy exists as to whether
Aire affects the positive selection of Treg populations
(Anderson et al., 2005; Aschenbrenner et al., 2007). In
human studies, Kekalainen et al. (2007) suggested that a
defect in Tregs underlies APECED and Watanabe et al. (2005)
suggested the possibility of Hassall’s corpuscles mediating the
generation of Tregs in humans. Hassall’s corpuscles are
corpuscular structures formed by several mTECs gathered in a
swirling pattern. They are not as well developed in rodents as
they are in humans, and their function is not fully understood;
roles in thymocyte apoptosis and maturation have been
proposed (Blau and Veall, 1967; Senelar et al., 1976). We
observed Dsg3-positive mTECs predominantly as a single cell
or as a few cells together as islands, the latter might be
Hassall’s corpuscles. The absence of Hassall’s corpuscle-like
structures in Aire/ mice was reported (Yano et al., 2008).
Further work is needed to clarify the relationship between
Aire and Tregs.
The phenotype of PV has not been reported in Aire/ mice
or in patients with APECED; similarly, we could not induce the
PV phenotype in Aire/ mice in this study. It is considered
that the tolerance against Dsg3 is maintained even in the
deficiency of Aire. On the other hand, Aire/ CD4þ T cells
induced anti-Dsg3 IgG production in the Rag2/ mice when
transferred withDsg3/ B cells, although the Ab titer was low
and did not cause the apparent PV phenotype in contrast to
Dsg3/ CD4þ T cells. These findings suggested the
possibility that Aire and Aire-dependent thymic Dsg3 expres-
sion can influence the selection of Dsg3-specific T cells in
thymus to a certain extent. Further studies are necessary to
identify some other factors, including at the level of B cell or
T cell–B cell interaction, to induce the pathogenic anti-Dsg3
IgGs that are able to induce the PV phenotype.
MATERIALS AND METHODS
Mice
Dsg3/mice were produced as previously described (Amagai et al.,
2000). The two types of Aire/ mice were used depending on the
experiments. In the experiments to determine thymic Dsg3 expres-
sion in Aire/ mice (Figure 4) and the attempts to induce anti-Dsg3
Ab production in Aire/ mice (Figure 5a–f), Aire/ mice with the
mutation in exon 6, which mimics the effect of the most common
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Figure 5. Evaluation of tolerance against desmoglein 3 (Dsg3) in Aire/
mice. Serum from Dsg3-immunized Aire/(a) or Dsg3/(b) mice was
reacted with live KCs (n¼ 2 per group). Dsg3/ serum but not Aire/
serum showed IgG deposition on KCs. Bar¼ 50 mm. Splenocytes from Dsg3-
immunized Aire/ or Dsg3/mice were adoptively transferred into Rag2/
mice (n¼ 4 per group). Although mice receiving Dsg3/ splenocytes
developed pemphigus vulgaris phenotype (d; e, f; broken line), mice receiving
Aire/ splenocytes did not (c; e, f; solid line). CD4þ T cells from various
mice immunized with Dsg3, together with B cells from Dsg3-immunized
Dsg3/ mice, were adoptively transferred into Rag2/ mice. Circulating
anti-Dsg3 IgG was measured by ELISA at day 21 after the transfer (g).
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human APECED mutation, were used (Ramsey et al., 2002). In the
experiments of the adoptive transfer of Aire/ CD4þ T cells
together with Dsg3/ B cells in Rag2/ mice (Figure 5g), Aire/
mice with deletion from exon 5 to exon 12, which was designed to
delete a large proportion of the known functional domains of Aire,
were used (Kuroda et al., 2005). Both mice show essentially identical
phenotype, including multiorgan lymphocytic infiltration and auto-
antibody production (Ramsey et al., 2002; Kuroda et al., 2005). The
Keio University Ethics Committee for Animal Experiments approved
all experiments in this study.
Direct immunofluorescence
Direct immunofluorescence was performed to examine the expres-
sion of Dsg3 and other peripheral Ags in the mouse thymus. The
thymus was embedded in OTC compound (Tissue-Tek; Sakura
Finetechnical, Tokyo, Japan), frozen immediately at 140 1C, and
cut into 6-mm-thick sections.
AK18, a mouse IgG monoclonal Ab against mouse Dsg3
previously isolated (Tsunoda et al., 2003), was used to detect Dsg3.
Sections were reacted with AK18 directly conjugated with fluorescent
dyes using a Zenon Alexa Fluor 488 Mouse IgG1 Labeling Kit
(Invitrogen, Carlsbad, CA) for 2 hours at room temperature. The
sections were intensively washed in PBS and 0.5mM Ca mixture,
cover-slipped using Mowiol (Calbiochem, Darmstadt, Germany), and
viewed using a fluorescence microscope (Eclipse TE2000; Nikon,
Tokyo, Japan). We were unable to distinguish the Dsg3-specific
signals using formalin-fixed sections or rabbit polyclonal anti-mouse
Dsg3 Abs because of nonspecific signals.
Other mouse thymus Ags were detected using rabbit polyclonal
anti-mouse Dsg1 Ab (kindly provided by Dr John R Stanley, University
of Pennsylvania School of Medicine), rabbit polyclonal anti-human
desmoplakin Ab (Fitzgerald Industries, North Acton, MA), rabbit
polyclonal anti-rat renin Ab (National Children’s Research Center,
Japan), rabbit polyclonal anti-human prostate-specific Ag (Dako,
Glostup, Denmark), and rabbit polyclonal anti-mouse keratin-5 Ab
(Covance, Princeton, NJ). Abs for human and rat Ags were tested to
ensure that they cross-reacted with mouse-relevant Ags. Sections were
incubated in the Abs, washed in PBS, and reacted with fluorescence-
conjugated anti-rabbit IgG Ab (Invitrogen).
In situ hybridization detection of Dsg3 gene expression
Digoxigenin-labeled Dsg3 sense and antisense probes were gener-
ated from a 120-bp fragment of Dsg3 (corresponding to nucleotides
2035–2154, GenBank NM_030596) in the following sequences:
antisense F, 50-CGGCTCCATTGGTTGTAACT-30; antisense R, 50-TTAT
CCCAGTGCCCGATG-30; sense F, 50-TTATCCCAGTGCCCGATG-30;
sense R, 50-CGGCTCCATTGGTTGTAACT-30.
DNA fragments obtained with the F and R primer pair and the
AmpliScribe T7-Flash Transcription Kit (Epicentre, Madison, WI) were
used to prepare digoxigenin-labeled antisense RNA according to the
manufacturer’s instructions. Tissue sections of 10mm thickness were
deparaffinized and treated with 4mgml1 thermolysin and 10mgml1
proteinase K for 15minutes each at 37 1C. Sections were washed in
PBS; treated with 2mgml1 glycine-diluted PBS for 10minutes, 0.1M
TEA (triethanolamine) (pH 8.0) for 15minutes, and 0.25% Ac2O for
15minutes; and then washed in 4 SSC (saline-sodium citrate) at
room temperature. The sections were then dehydrated using 50–100%
EtOH and hybridization was performed. Hybridization was performed
using hybridization buffer (50% formamide, 2 SSC, 1mgml1
transfer RNA, 1mgml1 salmon sperm DNA, 10% dextran sulfate, 1%
SDS, and 1 Denhardt’s solution) containing 80–100ng probe at
37 1C overnight. The next day, the sections were washed in 2 SSC
and 50% formamide for 20minutes and in 2 SSC ( 2) and NTE
buffer (10mM Tris-HCl (pH 8.0), 500mM NaCl, and 1mM EDTA) for
5minutes ( 2), treated with RNase for 30minutes, and washed with
NTE buffer at 37 1C. The sections were then washed in 2 SSC for
10minutes and in 0.1 SSC for 5minutes at 42 1C, and rinsed in NT
buffer (100mM Tris-HCl and 150mM NaCl (pH 7.5)). Sections were
blocked with 5% normal goat serum in NT buffer for 30minutes,
incubated with anti-digoxigenin-alkaline phosphatase conjugate
(Roche, Basel, Switzerland), diluted in the ratio 1:250 in NT buffer
for 1hour, followed by washing in NT buffer ( 2) for 15minutes and
in NTM buffer (100mM Tris-HCl pH 9.5, 100mM NaCl, 50mM MgCl2)
for 2minutes. The alkaline phosphatase was visualized using bromo-
chloro-indolyl/nitroblue tetrazolium liquid substrate.
Immunization with mouse Dsg3
Aire/and Dsg3/ mice were immunized with mouse Dsg3 to
determine whether mice with decreased thymic Dsg3 expression
could produce anti-Dsg3 Abs. We used mouse Dsg3, a recombinant
baculoprotein that includes the extracellular domain of mouse Dsg3,
an E-tag, and a His-tag, produced as previously described (Amagai
et al., 2000). Mice were primed with a 5-mg subcutaneous injection
of purified mouse Dsg3 in complete Freund’s adjuvant. They were
subsequently boosted twice with mouse Dsg3 in incomplete
Freund’s adjuvant, and then they received an intraperitoneal
injection of mouse Dsg3 without adjuvant each week.
Live KC staining
Ab production in Aire/and Dsg3/ mice serum was examined
using live KC staining as follows. A mouse KC cell line, PAM212
(Yuspa et al., 1980), was incubated in mouse serum samples diluted
20-fold with DMEM (Sigma-Aldrich, St Louis, MO) containing 10%
fetal calf serum at 37 1C and humidified in 5% CO2 for 30minutes.
After washing in PBS, the cells were fixed with 100% methanol at
20 1C for 20minutes and incubated with Alexa Fluor 488-
conjugated goat anti-mouse IgG Abs (Invitrogen) at room tempera-
ture for 30minutes. The specimens were then examined under a
fluorescent microscope (Nikon).
Preparation of lymphocytes from immunized mice
CD4þ T cells were enriched from splenocytes by a negative
selection on a MACS system. Splenocytes were stained with Abs of
biotin–anti-CD11b, biotin–anti-Gr1, and biotin–anti-Dx5, and then
reacted with anti-biotin magnetic beads, anti-CD8 magnetic beads,
and anti-B220 magnetic beads (Miltenyi Biotec GmbH, Bergisch
Gladbach, Germany). B cells were enriched from splenocytes by a
negative selection with anti-CD4 magnetic beads and anti-CD8
magnetic beads, followed by a positive selection with anti-B220
magnetic beads on a MACS system.
Adoptive transfer of lymphocytes
In the adoptive transfer of whole splenocytes, splenocytes were
isolated from the Dsg3-immunized mice, and 1 107 cells in 500ml
PBS per mouse was adoptively transferred into Rag2/ mice by
intravenous injection into the tail vein. In the adoptive transfer of
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various combinations of CD4þ T cells and B cells, splenocytes
isolated from the Dsg3-immunized mice were separated as
described, and 2–3 106 cells of CD4þ T cells and 3 106 cells
of B cells in 500ml PBS per mouse were adoptively transferred.
ELISA
An ELISA was performed using recombinant mouse Dsg3 as
the coating Ag, as described previously (Amagai et al., 2000).
Each serum sample was diluted by 100-fold and/or by 500-fold and
run in duplicate. A standard serum obtained from a Dsg3/ mouse
immunized with mouse Dsg3 was used as a positive control, and
serum from a non-immunized mouse was used as a negative control.
The ELISA scores were calculated as index values using the following
formula: index value¼ (OD450 of sample–OD450 of negative con-
trol)/(OD450 of positive control–OD450 of negative control) 100.
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